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ABSTRACT PAGE
Streptococcus parauberis is an important pathogen of cattle and fish that is associated with 
significant economic losses due to bovine mastitis and piscine streptococcosis. This study 
utilized randomly amplified polymorphic DNA (RAPD) PCR and pulsed-field gel 
electrophoresis (PFGE) analysis, and developed a novel multilocus sequence typing 
(MLST) scheme, to elucidate the molecular epidemiology and phylogenetic relatedness of 
S. parauberis strains isolated from various hosts. The results reveal that S. parauberis is a 
highly genetically homogenous species. However, the differences that do exist indicate 
that cattle isolates are more genetically diverse compared to the more clonal population of 
piscine isolates. Phylogenetic analyses that cluster S. parauberis isolates together by host 
type imply pathogenic lifestyles that differ depending upon host the species they occupy. 
Finally, this study identified two novel plasmids in fish strains of S. parauberis that may 
influence the population structure of the species.
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Chapter 1 
"Streptococcus parauberis and its Associated Diseases”
Streptococcus parauberis was originally classified as a subtype of 
Streptococcus uberis when it was first identified as a causative agent of bovine 
mastitis. In 1990, Williams and Collins genetically characterized the phenotypically 
indistinguishable bacterium was as a novel species. The work defined the type strain, 
NCDO 2020. It is a gram- positive, lactic acid bacterium that grows at 4.5% NaCl, but 
not at 6%. On sheep’s blood agar it is alpha-hemolytic. They identified it on the lips, skin 
and udder of cattle and confirmed it as an agent of mastitis independent of S. uberis 
(Williams and Collins, 1990).
Bovine mastitis is a common infection of the mammary gland of dairy cattle, 
which presents as either a clinical or subclinical infection. A clinical infection is defined 
by a high degree of swelling and a significant decrease in milk production, whereas 
subclinical infection causes little swelling (making it more difficult to diagnose) and 
increased cell count in the bulk tank milk, rendering it unusable. The disease spreads 
easily through unsterile milking equipment and can be contracted via environmental 
sources such as feeding troughs and bedding. Bacterial mastitis can be caused by a wide 
array of species including Escherichia coli, Staphylococcus aureus, as well as, other 
Streptococcus sp., most importantly, to this study, Streptococcus uberis (Bradley, 2002).
In addition to being a bovine pathogen, S. parauberis also causes 
streptococcosis in farmed fishes, leading to losses in the aquaculture industry. 
Streptococcal infections have been emerging in wild and aquaculture fish over the past 
two decades. Examples of other pathogenic lactic acid bacteria that cause streptococcosis
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are Streptococcus iniae, Streptococcus agalactiae, Streptococcus dysgalactiae and 
Lactococcus garvieae (Toranzo et al., 2005). The disease presents with lesions of the 
scales and gills, as well as nervous system damage like exopthalmia and 
meningoencephalitis. Streptococcosis is considered one of the most serious threats to the 
aquaculture industry and some bacterial species associated with it have also caused septic 
disease in humans (Weinstein et al., 1997).
The first report of S. parauberis in fish was in 1994 when it was isolated from 
cultured turbot {Psetta maxima) presenting with streptococcosis in northern Spain. 
Domenech et al. confirmed that the isolates were S. parauberis through 16S rRNA gene 
analysis and biochemical tests (Toranzo et al., 1994; Domenech et al., 1998). This was 
the first documented case of S. parauberis in fish, but since then outbreaks have begun to 
occur in other parts of the world. Between 2003 and 2006 in South Korea, Baeck et al. 
identified S. parauberis as the etiological agent of streptococcosis in another cultured, 
marine flatfish, the olive flounder (Paralichthys olivaceus) (Baeck et al., 2006).
Most recently in 2009, Haines et al. identified infections of Streptococcus 
parauberis in striped bass (Morone saxatilis) of the Chesapeake Bay (Haines et al.,
2011). Isolates were collected during striped bass surveys from the Nanticoke and 
Rappahannock rivers, as well as Point Lookout at the mouth of the Potomac River. This 
study marks the first identification of the bacterium in fish in North America. 
Interestingly, their study found no pathology associated with the infection, suggesting 
that these may be commensal strains. One of the goals of this Master’s project was to 
determine any epidemiological relationships that exist within the Chesapeake Bay and 
compare these local isolates to those collected from around the world.
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S. parauberis has also been associated with food spoilage in modified air packaging 
of chicken (Gallus gallus) (Koort et al., 2006). Interestingly, all strains from this 
previous study, including ones isolated from fish, grew at 10° C except for the type strain 
isolated from cattle. This study also claimed that only strains isolated from cattle had the 
ability to ferment lactose. These data provide some initial indications of phenotypic 
differences between isolates from different host types or environments.
Lastly, a study performed after the identification of S. parauberis in fish showed 
that a cattle strain could not cause disease or be recovered from experimentally infected 
fish (Domenech et al., 1998). Although, this is the only study on the pathology of cattle 
strains in fish it provides important insight on the importance on host origin and it 
implications for disease.
When the majority of this work was performed no sequenced genomes were 
publicly available; however, in January 2011 the first sequenced genome of S. parauberis 
became available on NCBI’s GenBank. Type strain NCDO 2020, isolated from a mastitic 
cow, was partially annotated but has not had any associated publications. Then in April 
2011, Nho et al. published the sequenced genome strain KCTC 11357 and the 
associated paper "Complete genome sequence and immunoproteomic analyses of 
the fish bacterial pathogen Streptococcus parauberisn (Nho et al., 2011). These 
genomes are both about 2.1 million bp with about 1,800 coding sequences (the 
middle of the range of published Streptococcus species). It also has a lower GC 
content than most other Streptococcus species. These authors used the 
glvceraldehvde phosphate dehydrogenase and chaperonin 60 genes to analyze the 
phylogenetic relationships of streptococcal species. The GAPDH data suggest that S.
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parauberis is most closely related S. uberis. Unfortunately their cpn60 analysis 
excluded S. iniae, making it impossible for the authors to assess its relatedness.
These phylogenetic are important as our previous studies of the 16s rRNA gene 
shows that despite its nomenclature, S. parauberis is more closely related to 
Streptococcus iniae than Streptococcus uberis (Haines et al., 2011). S. iniae is a 
pathogen that causes meningoencephalitis in fish and can cause fatal, systemic infections 
in humans (Weinstein et al., 1997). As a zoonotic pathogen, there is a relative wealth of 
research on S. iniae compared to S. parauberis. Similarly, S. uberis is a much more 
prevalent cause of bovine mastitis, so more data are available on this pathogen. Of the 
three species, only S. parauberis has been associated with both fish and cattle disease.
Very little is known about the mechanisms S. parauberis employs as a pathogen. 
However, sequencing of the genome has identified some well-characterized virulence 
genes and previous studies have established its ability to survive in a wide variety of 
niches. Previously, S. uberis has been described as a notably difficult bovine pathogen to 
prevent because it can be found ubiquitously throughout the entire farm environment. 
This is thought to be due in part to its ability to metabolize a wide array of molecules via 
both fermentative and oxidative pathways (Ward et al., 2009). S. parauberis’ genome 
also shows two distinct respiratory and fermentative metabolic routes and contains a wide 
array of genes for carbohydrate and amino acid metabolism, potentially allowing it to 
survive in a wide array of ecological niches. Nho et. Al (2011) claim S. parauberis has 
the genes to perform the broadest sugar metabolism of all Streptococcal species.
Another set of genes that may have relevance to niche breadth in S. parauberis is 
the phosphotransferase system (PTS1, These genes are important in the recruitment of
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phosphorous from the environment. Five coding sequences in S. uberis had no orthologs 
within the Streptococci until the sequencing of S. parauberis which revealed four 
orthologs. Finally, S. parauberis also contains a polyphosphate kinase that had only 
previously been identified within the Streptococci in S. uberis, but is highly conserved in 
gram-negative bacteria (Nho et al., 2011). In Vibrio cholerae polyphosphate stores have 
been associated with survival in low phosphate environments (Jahid et al., 2006), which 
could be important for S. parauberis survival in feces on a farm or coastal waters.
Sequencing of the S. parauberis genome also identified has operon genes 
associated with production of a hyaluronic acid capsule. However, hasC was separated 
by 3 kb in reverse orientation downstream of hasAB. This does not necessarily rule out 
production of an HA capsule, as only hasA and hasB are required for hyaluronic acid 
(HA) capsule synthesis (Ashbaugh et al., 1998). In S. uberis, HA capsules prevent 
phagocytosis (Almeida and Oliver, 1993)and bactericidal action of bovine neutrophils(JA 
and Field, 1994). This ability to avoid the immune system is a hallmark virulence 
factors. This system is also important in S. pyogenes and S. pneumoniae virulence. The 
Nho et al. study did not address the presence of the cps operon which encodes a 
polysaccharide capsule, rather than an HA capsule. Nonetheless, the operon is clearly 
present based on BLAST searches of the published genome. A polysaccharide capsule 
layer acts as a virulence factor, by increasing cell adherence and preventing capture and 
removal by macrophages which is clearly present. The capsule operon (cps) encodes 
proteins essential in forming the polysaccharide capsule layer, which increases cell 
adherence and aids in avoiding capture and removal by macrophages during S. iniae 
infection(Buchanan et al., 2007; Locke et al., 2007). Another gene relevant to
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polysaccharide capsule production encodes the enzyme phosphoglucomutase ipgm). It is 
involved in directing whether sugars are used for catabolic or encapsulation processes 
and resistance to antimicrobial peptides (Buchanan et al., 2005). Pgm has been studied 
previously in S. parauberis (GenBank: FJ004970.1) and can be found in both published 
genomes. Finally, synthesis of the polysaccharide capsule in S. iniae is controlled by a 
.two components signal transduction system, sivS/R. S. parauberis NCDO 2020 does 
produce both a histidine kinase (GenBank Accession: EGE55097.1) and response 
regulator (GenBank Accession: EGE54916.1) with 60% identity to those of S. iniae’s 
sivR/S system (Bolotin et al., 2007).
Finally, the study by Nho et al. also identified another potential virulence gene, 
called simA (S. iniae M-like protein). SimA is associated with adherence and invasion of 
fish epithelial cells, as well as evasion of phagocytosis by macrophages. Knockout strains , 
lacking a functional simA demonstrate decreased mortality rates in challenge studies 
against hybrid striped bass and zebrafish model systems. The role of the M protein has 
been well characterized in multiple streptococcal species and is the basis for grouping 
proteins by the Lancefield system(Locke et al., 2008). This master’s thesis uses sequence 
data from spmA the virulence gene that encodes S. parauberis M-like protein as part of 
the MLST analysis, in addition to the standard housekeeping genes.
This project aimed to elucidate the genetic relationships between epidemiologically 
related and unrelated isolates of S. parauberis, especially with regard to host type, such 
as cattle and fish, as well a geographic origin. These analyses may also shed light on the 
seemingly complex natural history of the relationships between S. parauberis, S. uberis 
and S. iniae.
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CHAPTER 2
“Molecular Epidemiology of Streptococcus parauberis”
Introduction
Molecular epidemiology is an emerging field and has contributed greatly to our 
understanding of the genetic relatedness and spread of many pathogens. It differs from 
other types of epidemiology because it uses molecular techniques to compare strains 
instead of phenotypic or immunologic characterization. Importantly, molecular 
epidemiology techniques have varying discriminatory power to determine genetic 
relatedness of strains at local and global levels (Zadoks and Schukken, 2006).
In the studies described in this thesis, three different techniques were used to 
elucidate molecular epidemiological and phylogenetic relationships. The first, Randomly 
Amplified Polymorphic DNA PCR (RAPD PCR), employs traditional polymerase chain 
reaction, but uses only one 10 bp primer in order to establish banding patterns that can be 
used to group identical types together (Berg et al., 1994). The second typing method is 
pulsed-field gel electrophoresis (PFGE)(Lai et al., 1989) in which restriction digestions 
are performed on the entire genome of the strain and the fragments are visualized on an 
agarose gel. In this case evolutionary relationships are also inferred from the amplicon 
patterns. Both of these techniques include the entire genome in their analysis, which 
increases their discriminatory pattern and leads to their ability to determine relationships 
between highly related strains.
However, to compare more distantly related strains from around the world less 
discriminatory power is required in order to find clear relationships. These relationships 
are studied using a Multi-locus Sequence Typing (MLST) scheme. Traditionally, this
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technique uses DNA sequencing to analyze allelic variation between strains by using 5-7 
housekeeping genes as proxy for the entire genome. Some studies of highly homogenous 
species have begun to include virulence factors in schemes. This limitation in data 
collected decreases discriminatory power, making it more appropriate for global 
analysis(Enright and Spratt, 1999).
Each of the molecular epidemiology techniques has elucidated important 
information about other lactic acid bacteria implicated in bovine mastitis and 
streptococcosis. For example, MLST has revealed that farm to farm transmission of 
Streptococcus uberis is possible to track based on subtype information gained from the 
technique. It also identified a subtype of S. uberis that is more similar to S. parauberis 
based on MLST typing within the S. uberis scheme (Zadoks et al., 2005). PFGE and 
RAPD methods also distinguished clonal outbreaks of L. garvieae based on host type 
(yellowtail, catfish and rainbow trout), as well as by geographic regions within yellowtail 
(Ravelo et al., 2003). Another technique, ribotyping (a technique not used in this thesis) 
revealed that outbreaks of S. iniae in Israel and America were more closely related within 
the country regardless of host fish species, and also showed the probable transmission of 
the bacterium from wild fish to the aquaculture setting (Eldar et al., 1997; Zlotkin et al.,
1998). PFGE studies of S. iniae have identified a unique genetic profile of strains that 
cause disease as compared to commensal strains(Weinstein et al., 1997). The one 
previous molecular epidemiological study regarding S. parauberis was able to distinguish 
strains from different turbot farms in Spain based on RAPD pattems.(Romalde et al.,
1999) One representative of each of the RAPD types is included in the current 
study (Turbot 1, AZ 70.1, RA 83.1 and RM 212.1)
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As illustrated in these previous studies two alternative hypotheses could describe 
predictable relationships between the strains analyzed. The first is that strains from the 
same geographic region will be more closely related. For example, strains from Europe 
will be more closely related than to isolates from the USA. The second hypothesis is that 
strains from the same host type will be more closely related, which would suggest 
lineages adapted to cattle and fish evolving independently from each other. I 
hypothesized the latter relationship because of the inability of cattle strains to cause 
disease or be recovered from experimentally infected fish, which could also suggest a 
genetic element that imbues strains with this ability. This is also supported by the 
aforementioned differential lactose fermentation capabilities.
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Methods
Bacterial Collection
Strains of S. parauberis were gathered in order to assemble as large and as 
epidemiologically distinct a collection as possible. The collection includes 25 
isolates (see Table 1). Twelve of these isolates were collected from the Chesapeake 
Bay between 2002 and 2006. The samples were collected three distinct regions of 
the Bay. The other 13 isolates have varying degrees or unknown epidemiological 
relationships.
DNA Isolation
Cultures were streaked for isolation on sheep's blood agar (SBA) plates and 
then grown in Brain Heart Infusion (BHI) broth overnight at 25°C or 37°C. DNA was 
isolated from cell pellets using the protocol for Gram positive bacteria described in 
the DNeasy Animal and Tissue Kit (Qiagen). Briefly, up to 1 mL of turbid culture 
Koort et al., 2006) All DNA was aliquotted and stored at -20°C.
MLST
At the time this project was carried out the sequenced S. parauberis genome
was not publically available. Three different approaches were used in selecting the
primers used in the MLST scheme. First, previously published primers for relevant
S. parauberis genes were tested. Second, primers were designed to sequences of
housekeeping genes from S. parauberis available on GenBank (NCBI). Finally,
degenerate primers were designed based sequences available on GenBank for
Streptococcus uberis and Streptococcus iniae the two most closely related species to
S. parauberis. Initially, 15 primer sets for housekeeping genes were tested on four
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different strains (NCDO 2020, FSL S-563, Turbot 1, RP25) and the seven with the 
highest discriminatory power were selected for use with all 25 isolates in the 
collection. Table 2 details the loci used in the MLST scheme, which includes atpA, 
gki, recP, rpoB, sodA, tufA and spmA.
Genes for each isolate were amplified using Bullseye Taq (MidSci). The 25 ul
reaction mixture contained lx  buffer with 1.5 mM MgCh, 5 pmol of dNTP's, 2 mM
primer and 1.25 U Taq DNA polymerase. PCR was performed using the following
cycling parameters: 5 min 94°C, then 35 cycles of 1 min 94°C, 1 min at primer
specific annealing temperature (Table 2), 1 min at 72°C, followed by 5 min at 72°C.
Samples were stored at -20°C before sequencing. Each sample was sequenced in the
forward and reverse direction at the core facilities of the College of William and
Mary, Yale University and Iowa State University by capillary sequencing on Applied
Biosystems 3130X/3730x Genetic Analyzers.
DNA Sequence Analysis
The quality of DNA sequences was screened using Geneious Pro 5.1.4 software
(BioMatters). Only high quality sequences that were confirmed through forward
and reverse sequencing were used. Sequences were assigned an allelic number
when they differed from another by one or more polymorphisms. Each unique
combination of alleles was considered a sequence type (ST). Single-locus variants
(SLV), double-locus variants (DLV), and satellites (SAT) were identified for each
sequence type using BURST analysis (http://fi-srvmlstl-ide.sm.med.ic.ac.uk/burst
Last accessed: 07/22/2011).
The software program DnaSP (DNA Sequence Polymorphism) (Rozas et al.,
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2003) was used to calculate the GC content of the sequenced loci as well as the 
number of polymorphic sites, average number of pair-wise differences between 
alleles, and average nonsynonymous/synonymous ratio (dN/dS). Genes also were 
assessed for reticulate evolution in order to evaluate whether a traditional 
bifurcating tree model could be used to elucidate evolutionary relationships. This 
was done with the following: (1) analysis of agreement between trees produced for 
individual genes and (2) Rm, the minimum number of recombination events based 
on the four-gamete test in DnaSP version.
A neighbor joining tree was then built for each MLST gene and concatenated 
sequence data (with and without spmA data) using the Tamura-Nei (Tamura, 1992) 
model based on a multiple pairwise alignment on Geneious 5.1.4. Strain 0140J of 
Streptococcus uberis from GenBank and data from S. iniae available from Baylor 
College of Medicine (http://www.hgsc.bcm.tmc.edu/projects/microbial/microbial- 
index.xsp Last accessed: 07/22/2011) were also included in the study.
Finally, pairwise alignments were performed individually for each 
permutation of S. iniae, S. uberis and S. parauberis type strains for each gene of the 
MLST scheme as well as the Ifb gene and 16s rRNA gene (which is traditionally used 
when comparing species. The pairwise identity was calculated for each of these in 
hopes of better understanding of the natural histories of these closely related 
species.
RAPD Analysis
For global analysis, three different, and for local analysis, five different
primers (Table 3) were used. The global collection included five fish and five cattle
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strains. The local collection consisted of 10 of the Chesapeake Bay isolates, as well as 
control groups of two pathogenic Spanish strains, type strain NCDO 2020 and 
outgroup Enterococcus faecium. All DNA was prepared simultaneously as described 
above, and PCR performed within 24 hrs. RAPD PCR was also performed using 
Bullseye Taq (MidSci). The 25 ul reaction mixture contained IX standard buffer, 1.5 
mM MgCh, 5 pmol of dNTP's, 4 mM primer (idtDNA) and 3.5 U of Taq DNA 
polymerase. After an initial denaturation step of 94.5°C for 2 min the following 
cycling parameters were used: 35 rounds of 94.5°C for 70 s, 33°C for 60 s and 72°C 
for 130 s. This was followed by an elongation step at 72°C for 5 min (Jayaorao et al., 
1996). Gel electrophoresis of products was performed on a 1.5 % agarose gel for 90 
min at 105 V. On the left a lkb ladder was included and on the right 100 bp ladder 
[New England Biolabs). Gels were stained with ethidium bromide and imaged 
(ELlogic 100 imaging system). Each separate type was assigned a letter whenever 
one band difference was noted, RAPD PCR does not allow for subtyping to be 
analyzed. All RAPD analysis was repeated in triplicate.
PFGE
Pure cultures were grown overnight in BHI broth. 1.5 mL of culture were
centrifuged for 3 min at 8, 000 ref. The pellet was resuspended in .25 mL of TE
Buffer (pH 8.0). An equal volume of 2% InCert agarose was added and allowed to
solidify in plug molds (100 piL per plug). Up to 5 plugs were incubated for 18 h at
37°C in 2 mL of TE buffer with 2pg/mL of lysozyme. The lysis buffer was replaced
with a 1% solution of N-laurylsarcosine sodium salt in 0.5M EDTA with lpg/mL
proteinase K for 48-72h. The plugs were then washed six times for 1 hour each in
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TE buffer. Plugs were equilibrated for 1 hr at 37°C in 300 uL lx  NEB BSA, lxNEB 
Buffer 4. Digestion was performed in 100 pi of lx  NEB BSA, lx  NEB buffer 4 and 30 
U Smal enzyme. Digestion was performed at room temperature overnight. Plugs 
were loaded into a 1% PFGE grade agarose gel and run for 24 hrs at 6V/cm with 
switch time of 3-55 seconds (Pheuktes et al., 2001). NEB Midrange PFGE marker 
was used as the standard. The gel was stained using SybrGold and imaged (ELlogic 
100 imaging system). Each different banding pattern was assigned a letter typ
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Table 1 fPL=Point Lookout, N=Nanticocke River, Rp=Rappahannock River)
Isolate Allelic Profiles ST Host Geo. D isease
atpA qki recP rpoB sodA tuf spm A
FSLS-
563 2 4 1 1 3 1 6 1
Bos
taurus USA Mastitis
FSLS-
305 3 1 2 1 2 1 3 2
Bos
taurus USA Mastitis
FSL S- 
838 1 3 2 1 2 1 4 3
Bos
taurus USA Mastitis
NCDO
2020 1 2 2 3 3 1 5 4
Bos
taurus UK Mastitis
Sp
358 1 3 2 1 4 1 5 5
Gallus
gallus Finland Unknown
Sp
349 1 3 2 1 4 1 5 5
Gallus
gallus Finland Unknown
Sp
158 1 3 1 1 1 2 5 6
Bos
taurus Finland Mastitis
Sp
204 1 1 2 1 2 2 3 7
Bos
taurus Finland Mastitis
Turbot
1 1 1 2 2 1 2 8
Psetta
maxima Spain Streptococcosis
RA
83.1 1 1 1 1 2 1 2 9
Psetta
maxima Spain Streptococcosis
RM
212.1 1 1 1 2 2 1 2 10
Psetta
maxima Spain Streptococcosis
AZ
70.1 1 1 1 2 2 1 2 10
Psetta • 
maxima Spain Streptococcosis
PL9 1 1 1 1 1 1 1 11
Mo rone 
saxatilis PL None
PL23 1 1 1 1 1 1 1 11
Morone
saxatilis PL None
N i l 1 1 1 1 1 1 1 11
Morone
saxatilis N None
N2 1 1 1 1 1 1 1 11
Morone
saxatilis N None
N31 1 1 1 1 1 1 1 11
Morone
saxatilis N None
N183 1 1 1 1 1 1 1 11
Morone
saxatilis N None
N200 1 1 1 1 1 1 1 11
Morone
saxatilis N None
N205 1 1 1 1 1 1 1 11
Morone
saxatilis N None
RP2 1 1 1 1 1 1 1 11
Morone
saxatilis Rp None
RP15 1 1 1 1 1 1 1 11
Morone
saxatilis Rp None
RP17 1 1 1 1 1 1 1 11
Morone
saxatilis RP None
RP25 1 1 1 1 1 1 1 11
Morone
saxatilis RP None
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TABLE 2
q e n e E nzym e/P rotein
Functional
C ateqory Forward Primer R ev erse  Primer A nnealing T BP
atpA ATP sy n th a se ATP S y n th e sis
ACA CCA GCT CCT 
GGA GTA ATG CAA
AAT CTG TGC TGA 
ACC ACC AAC ACG 57 5 6 8
qki G lu cok in ase G lycolysis E nzym e
TGA ATC GCC TTC 
ATAGCTTTCGGC
TTG TTC CCG ATA 
TCG TAG CTT CT 55 4 0 3
recP T ra n sk eto la se R ecom bination
TTC AGG WCA CCC 
TGG CTT ACC AAT
CCA TGR ACR GCT 
GAW GTM CCT TGT 55 4 4 9
rpoB RNA p o ly m era se T ranscription
ACC AAA CGT TGG 
TGA AGA AGC TC
TGG TTC ACC TGT 
ACG GCC ATC ATA 55 4 0 9
sodA
Su p ero x id e
d ism u ta se .
Antioxidant
en z y m e
CCI TAY ICI TAY GAY 
GCI YTI GAR CC
ARR TAR TAI GCR 
TGY TCC CAI ACR TC
57 4 1 1
tu f
Elongation factor  
Tu
GTP binding  
protein
GGA CCA ATG CCA 
CAA ACT CG
ACA CCA CGA AGA 
AGG ATA CCT ACG 55 4 4 6
spm A M-like Protein Im m u n e ev a sio n
GAG CCA AAC CAC 
CAG CTC CAA TAA
GAA CAA GAA GTT 
GCT GAT GGT GGG 57 50 3
MLST Scheme for S. parauberis
| At the time the project was initiated no published genome was available on NCBI GenBank. All 
products do appear as listed on the new genome with GenBank accession number: NZ_AEUT02000
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TABLE 3
Name S e q u e n c e Used for Annealinq T Ref
p4
AAG AGC CCG 
T
S.
parauberis 30
Romalde et al. 
1999
P5
AAC GCG CAA 
C
S.
parauberis 33
Romalde et  
al. 1999
P6
CCC GTC AGC 
A
S.
parauberis 33
Romalde et 
al. 1999
Primer 1290
GTG GAT GCG  
A S. iniae 33 Locke et al.
ERIC-1R
ATG TAA GCT 
CCT GGG GAT 
TCA S. uberis 50
Zadoks et 
al. 2005
RAPD Primers
Primers used for RAPD Analysis. "Used for" column indicates the original study for which 
the primers were deemed useful for a particular species
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Results
MLST analyses o f S. parauberis Indicates Host Type as a Driving Factor o f Relatedness
MSLT was used to assign types to each strain based on the sequences 
obtained for each of the seven genes in the MLST scheme. Unique allelic profiles 
were found for all strains except for two strains from two different farms in Spain 
and the two isolates found in Finnish broiler chicken. Allelic profiles for these 
strains were designated sequence types (ST) 1-10. All isolates from the Chesapeake 
Bay have identical allelic profiles and were designated as sequence type 11. DNA 
sequence data for strain KCTC 11537 was based on data available on GenBank 
(Accession number CP002471) and was assigned the ST 12. MLST data are presented 
in Table 1.
MLST analysis was performed with and without data collected for the 
virulence factor spmA. When included, as represented in Fig 1A, eBURST analysis 
reveals three related groups (as defined by 5 matching loci) of ST's and 3 singletons 
(1,4 and 6). One clonal complex made of ST's 8-10 was detected. If spmA was 
excluded, all STs were included in one group (as defined by 4 matching loci) except 
for two singletons (ST 1 and 4). Two clonal complexes were detected (ST's 8-11 and 
ST's 3 and 5). Figure IB displays the eBURST diagram for the six housekeeping gene 
analysis.
MLST sequence data was analyzed using the software program dnaSP to 
identify estimate potential rates of recombination within the strains tested.
Analysis using the four gamete test implies that no recombination events are 
required to explain the evolution of different alleles seen in the MLST data. This is 
important since low recombination rates in the genes analyzed implies that this data
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can be concatenated and used to build a phylogenetic tree. This is also supported if 
the majority of trees built for individual genes show a reasonable level of 
concordance.
Figure 2 is a collection of these neighbor joining trees for the individual 
housekeeping genes of the MLST scheme. In five of six trees, all fish strains were 
grouped at the same node. The same is true of spmA in Figure 3. The agreement of 
these trees, as well as the lack of recombination required to explain evolution, 
allows for concatenation of sequence data. Concatenated sequence trees, including 
and excluding spmA data, are presented in Figure 4. Lower bootstrap values and 
fewer genetic relationships could be determined when the virulence gene spmA was 
excluded. Inclusion spmA showed that all fish strains are included in two branches 
of the tree and cattle strains were had fewer relationships with each other. The 
Chesapeake Bay strain was most closely related to the KCTC 11537 strain from fish 
in South Korea.
The MLST sequence data was also used to investigate the evolutionary 
relationships between S. parauberis, S. iniae and S. uberis. In Table 6 pairwise 
identities of representative strains of 5. parauberis (NCDO 2020), S. uberis (0104J) 
and S. iniae (K288) are presented, with the goal of elucidating the relatedness of 
these three species. Although percentages are fairly similar across each gene, in 5 of 
6 housekeeping genes S. parauberis shows a slightly higher identity to S. iniae than 
to S. uberis. In 4 of 5 of the same cases S. parauberis still shows higher identity to S. 
uberis than S. uberis shows to S. iniae.
Finally, the division of strains by host type was also confirmed at the protein 
level. Of the 24 polymorphic sites identified within the genes used for MLST, only 4
19
lead to non-synonymous amino acid substitutions. The most widespread of these 
was found in the spmA gene that across all fish isolates included an asparagine at the 
183rd residue of the region used in our alignment. In all cattle isolates, except FSL S- 
838, this residue is a histidine. This is true across 3 different alleles of this portion 
of the spmA gene.
RAPD analyses Reveal Low Genetic Diversity o f S. parauberis in the Chesapeake Bay, 
but Higher Diversity Across Cattle Isolates
RAPD was used to identify strain types based on banding patterns. Three 
primer sets were selected for global analysis of the S. parauberis collection. Primer 
sets 1290 and ERIC-1R were selected since they have been used to successfully type 
S. iniae and S. uberis strains, respectively (Locke et al. 2004, Zadoks et al. 2005). 
Figure 5 presents the RAPD results of a select group of isolates representative of 
strains from varying geographic origins as well as cattle and fish hosts. Primer P5 
was selected since it revealed differences in our own preliminary studies. All three 
sets did generated amplicon patterns that distinguished between some strains of 5. 
parauberis; however, Primer's ERIC 1-R and 1290 showed low typing capabilities 
identifying 3 and 2 types respectively across ten isolates, whereas P5 revealed 6 
types across the same battery. When tested with primer P5, strains isolated from 
fish showed lower diversity compared to strains from cattle, which were all a 
different type.
Across all primer sets S. parauberis strain Sp 1525 consistently produced 
different amplicon patterns from the rest of the battery. Interestingly, some of the 
cattle strains were typed as identical to those of fish.
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As Figure 6 indicates, four of the five primers used for local typing analysis 
identify all isolates of S. parauberis as the same type, including epidemiologically 
unrelated strains. The only different amplicon pattern for these was type B 
indicative of a separate species, E.faecium. The fifth, primer P5, revealed identical 
typing of all strains from the Chesapeake Bay, but did assign types B and D to the 
epidemiologically unrelated isolates from Spain and England, respectively. In all 
cases the outgroup, E.faecium, was assigned a different type.
PFGE Results are Inconclusive and Difficult to Replicate
PFGE was used as another method for typing strains based on their genetic 
fingerprint. The results from this technique were difficult to interpret and 
inconclusive, in part, because of the difficult nature of the procedure. Out of ten full 
attempts, only one produced usable data (Figure 7). This data is still not of 
publication quality and the molecular standard is of too poor of quality to perform 
an appropriate analysis. The results from this one successful attempt suggest that 
there are potentially multiple types within the Chesapeake Bay. Of the twelve tested 
isolates, four different types could be identified. These results have yet to be 
repeated.
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FIGURE 1
1A)
Group 2
..12:
Group 1
10
Group 3
IB )
Group 1
eBURST Analysis of MLST Data
Figure 1A represents analysis of MLST data for which the allelic profile 
included data for virulence factor spmA whereas figure IB excludes spmA. Each 
sequence type is represented as a point. Inclusion within a shape means inclusion in 
a group defined as identical alleles for 4/6 (1A) or 5/7 (IB) loci. Connection of 
points implies 1 allele difference in the allelic profile.
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NJ Trees formulated for each allele of MLST Housekeeping genes
Each unique allele was used to build an unrooted tree by neighbor-joining
method under the Tamura-Nei model and bootstrapped with 100 replicates. Isolates 
from cattle are italicized, fish are boldface, chicken are unaltered and other species 
boldfaced and italicized. In all trees except for sodA and rpoB, all isolates from fish 
were found on branches from the same node.
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NJ Tree and Partial Amino Acid Alignment for the Virulence Factor spmA
A tree built as previously described based upon sequences for spmA, which 
encodes an M-like protein. The fish isolates again were more closely related to each 
other than to most other cattle strains. The homologue simA from S. iniae was 
included in the analysis, and since no apparent homologue exists in S. uberis it was 
not included in the analysis. Across multiple alleles a point mutation was identified 
in 5 of 6 cattle isolates and 2 of 2 chicken isolates. This mutation results in a 
histidine residue at position 183 of our alignment, whereas all fish strains contained 
an asparagine at that site. In S. iniae glutamine is found in this position, which has 
properties much more similar to asparagine.
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FIGURE
4
N) Trees Built Using Concatenated Sequence Data
Trees built using the same methods as for individual gene trees of are 
presented above. 4A represents only concatenated house keeping genes. 4B also 
includes spmA gene data. All fish strains are in bold. Fewer relationships and lower 
bootstrap values were shown in 4A compared to 4B. In 4B all fish strains were 
included in two branche
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FIGURE 5
Global Epidemiology Study by RAPD PCR
Randomly Amplified Polymorphic DNA PCR amplicon patterns are presented 
above. Clockwise from top left by primer name: ERIC-1R, 1290, P5. The same 
battery of isolates was used in the same order across all gels, left to right: (1) 1 kb 
ladder, (2) PL9, (3) N il, (4] AZ 70.1, (5) Tl, (6) Sp 1534, [7) Sp 158, (8) Sp 204, (9) 
FSL-305, CIO) FSL-838, (11) NCDO 2020 (12) 100 bp ladder. Primers ERIC-1R and 
1290 revealed little discriminatory power across global isolates, while P5 did show 
a relatively large number of types. Primer P5 would be the most likely to identify 
any different types within the Chesapeake Bay.
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FIGURE 6
Local Epidemiological Study by RAPD PCR
Randomly Amplified Polymorphic DNA PCR amplicon patterns are presented 
above. Primer's P4, P5 and P6 were used previously to type S. parauberis; 1290 for 
S. iniae; ERIC-1R for S. uberis. RAPD reveals a high genetic homogeneity within the 
strains of the Chesapeake Bay indicating a potential point source. The same battery 
and order were used for each gel, left to right: (1) lkb ladder (2] PL9 (3)PL23 (4)N2 
(5)N11 (6)N31 (7)N189 (8)N200 (9)RP2 (10)RP17 (11)RP25 (12) T1 (13)AZ (14) 
Enterococcusfaecium[lS)NCDO 2020 (16) Negative control (17) 100 bp ladder
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FIGURE 7
L co<ou
PFGE for isolates of S. parauberis of the Chesapeake Bay
In comparison to any RAPD schemes, PFGE was able to uncover some 
differences within isolates from the Chesapeake Bay. The predominate type "B" 
was present for 7/9 isolates from the 2002 survey, where as the only type present 
for the 2006 survey was type "D."
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TABLE 4
Gene
Fragment
(bp)
No. of 
alleles % G+C
No.
Polymorphic
Sites
No.
Parsimony
Informative
Sites
Pairwise
nucleotide
differences d n /d s Rm
atpA 568 3 0 .379 2 1 0 .407 0 0
gki 403 5 0 .448 6 3 1.857 0 .058 0
recP 449 2 0 .413 1 1 0 .538 0 0
rpoB 409 3 0 .418 2 1 0 .505 0 0
sodA 411 5 0 .379 7 3 2.06 0 .538 0
tuf 446 2 0 .394 1 1 0 .264 NA* 0
spmA 473 6 0 .383 5 4 1.744 0.544 0
dnaSP Analysis Data
Genes from the MLST scheme were analyzed using dnaSP software. Number 
of polymorphic sites is defined as the number where at least one base difference 
was noted. The number of parsimony informative sites was defined as a 
polymorphic site in at least two sequences. Pairwise nt differences is the average 
number of differences per site between two random sequences. dn/ds ratio is the 
number of non-synonymous to synonymous substitutions. Rm values were 
determined using the Four Gamete test and reflect the minimum number of 
recombination events that can explain the noted differences.
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Table 5
Gene S. iniae S. uberis S. iniae to S. uberis
atpA 0.865 0 .834 0.831
gki 0 .793 0.781 0 .768
recP 0.84 0 .804 0.843
rpoB 0.897 0.87 0.868
sodA 0 .832 0 .817 0.818
tuf 0 .905 0 .915 0.92
spmA 0.609 .541*
0 .591***Lfb .538 ** 0 .593
16srRNA 0.981 0 .972 0.971
Pairwise Identity of MLST and Other Important Genes
Genes were aligned from representative strains of S. parauberis (NCDO 
2020), S. uberis (0104J) and S. iniae (K288). Columns 2 and 3 are comparisons to S. 
parauberis. Column 4 compares S. iniae and S. uberis.
* S. parauberis spmA with S. uberis Ifb 
** S. parauberis Ifb with S. iniae simA 
*** S. uberis Ifb with S. iniae simA
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Discussion
Entire Collection
While data shows that the species S. parauberis is highly homogenous the 
differences that were detected could have important implications in the 
understanding of this pathogen. RAPD PCR traditionally is not useful for typing 
global collections because the band differences are often too numerous. In the case 
of S. parauberis the global population was incredibly genetically homogenous, so 
identifying an appropriate RAPD primer that could distinguish between strains was 
difficult. Previously established primer sets used to distinguish between closely 
related isolates of 5. iniae and S. uberis could not do so for S. parauberis. The only 
primer that produced more than 3 types across the collection, primer P5, yielded a 
different type for each cattle strain. Interestingly, some of these cattle strains were 
from the same geographic area and not have the same RAPD type, whereas fish 
strains from the same geographic area did. These differences may imply that cattle 
strains are more genetically diverse then fish strains, even within a given region.
The pattern of increased genetic diversity of S. parauberis from cattle isolates 
is concordant in MLST analyses as well. In both MLST analyses only cattle isolates 
were considered singletons and no two ST's from cattle were considered clonal. By 
contrast, the strain isolated from the Chesapeake Bay was only a single locus variant 
(SLV) from the Spanish complex in housekeeping gene MLST analysis. In S. uberis, S. 
equi and group G Streptococci, all of which are opportunistic environmental 
pathogens, very few clonal complexes have been detected via MLST analysis. It is 
predicted that this diversity is due to the wide number of niches that a bacterium
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may encounter. (Kalia and Bessen, 2006). In the case of S. pyogenes and S. suis, 
highly niche-specific pathogens many clonal complexes have been identified, that 
can be associated with the specific niche. (King et al., 2002; Kalia and Bessen, 2006). 
This could infer that fish strains that are part of a clonal complex may have evolved 
into a specialized fish symbiont, filling a more specific niche than cow strains, which 
are found in sites throughout the farm environment.
Chesapeake Bay Isolates
MLST and DNA sequence analysis have shown that S. parauberis is a highly 
genetically homogenous bacterial species. MLST data revealed no genetic 
differences between any of the twelve sequenced Chesapeake Bay isolates. This is 
not surprising since only seven genes are analyzed. RAPD PCR, on the other hand, is 
traditionally used to type local collections because it considers the entire genome. 
However, the inability to distinguish between any of the Chesapeake Bay isolates is 
also true in analysis of the banding patterns produced by five different primers for 
RAPD PCR. This confirms that the isolates from the Chesapeake Bay should be 
considered the same strain and may also imply that the S. parauberis infection of 
striped bass in the Chesapeake Bay is due to a point source outbreak.
PFGE analysis yielded slightly different results. The data suggest that there is 
some genetic diversity of S. parauberis within the Chesapeake Bay. Interestingly, the 
band differences present in types A and C from type B can be combined to form the 
type D banding pattern. Therefore, types A and C could represent intermediates as 
the Chesapeake Bay S. parauberis population transitions from Type B to Type D
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from 2002 to 2006. This may seem contradictory to MLST and RAPD results; 
however, the types were only defined by 1 band difference, which could be a result 
of a SNP and not reflect major differences in the genome. However, as previously 
mentioned, these data have yet to be repeated and should only be seen as 
preliminary work.
The presence of a single strain of S. parauberis from the Chesapeake may 
suggest that a point source outbreak occurred, and that the strain has not yet had 
sufficient evolutionary time or pressure to diverge. It could also further support the 
proposed theory that some strains of S. parauberis represent a specialized symbiont 
offish in contrast to an opportunistic environmental pathogen in cattle. S. 
parauberis may not be strictly a pathogen of fish since our studies of the Chesapeake 
Bay strains reveal no pathology with associated infections. The strains are still most 
closely related to strains that have caused disease in Spanish aquaculture, so it is 
possible that S. parauberis poses a threat only to fish in an aquaculture setting when 
cramped conditions lead to lowered immune defenses and high dissemination rates.
This is contrasted to S. iniae which has caused fatal infections in wild and 
captive fish, as well as humans. Pathogenic strains of S. iniae show a unique genetic 
profile when compared to those that are not pathogenic, whereas genetic profiles of 
S. parauberis tend to be more similar based on host type and not virulence.
Evolutionary History o f S. parauberis
In this work, phylogenetic tress were produced based on individual genes as 
well as on concatenated sequences. The majority of the trees generated for
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individual genes group all fish isolates together, while cattle isolates are often split 
across multiple branches of the trees. Analysis of concatenated sequences of only 
housekeeping genes showed that most strains were equally related to each other 
regardless of host type or geographic origin; however, inclusion of the spmA 
virulence gene once again saw the grouping offish isolates together. These data 
imply that fish strains are more closely related to each other phylogenetically. This 
supports the data from MLST analysis that shows that, based on allelic profiles, fish 
strains have a more clonal population structure than cattle strains. Interestingly, 
KCTC 11537, the only fish strain not included in eBurst fish clonal complex, was 
found to be the closest relative to the Chesapeake Bay strain. Through MLST and 
phylogenetic analysis a direct connection can be found across all fish strains.
Cattle strains, in general, seem to be no more closely related to each other 
than to fish strains. This is also reflected in the MLST analysis because all singletons 
(ST's excluded from groups) are cattle isolates, as well as, no clonal complexes 
detected include two cattle strains. Thus, the phylogenetic analysis also supports 
conclusions drawn about higher genetic diversity in cattle strains.
While at the genomic level we can see that strain relatedness is based on host 
type, a potentially important amino acid shift was also detected that could further 
support classifying the strains based on host type. Analysis of the virulence gene 
spmA in the chicken strains and all but one of the cattle strains indicated a point 
mutation that results in a histidine residue at the 183rd instead of an asparagine.
This residue is may be important because it leads into the LPXTG motif of the 
protein. This motif is the anchor that binds the surface protein to the peptidoglycan
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cell wall. While both amino acids are polar, histidine is positively charged and 
asparagine is neutral. Their structures are also considerably different due to the 
aromatic structure of histidine. While the actual importance or function of this 
mutation remains unclear, it is worth noting because it further supports the 
conclusion that host type and genetic diversity are correlated in S. parauberis.
This mutation in the M -like protein is particularly interesting since this the 
C-terminal region, which includes the LPXTG motif, of the M-protein family has been 
shown to have the highest conservation in the M-like protein across Streptococcal 
species (Locke at al. 2008). In the S. iniae K228 M-like protein, the residue leading 
into the LPXTG motif is a glutamine which only differs from asparagine by a 
methylene group. Glutamine can be found at this position in the M-family proteins 
of multiple strains of S. pyogenes, and subspecies of S. equi and S. dysgalactiae. The 
only exceptions found to this are in two strains S. pyogenes that include threonine at 
this site, which is also very similar to asparagine.
By contrast to the species described above, S. uberis does not apparently 
encode an M-like protein that results in a microcapsule. Instead it possesses a 
lactoferrin binding protein {Ifb) that was previously reported to be the closest 
phylogenetic relative to the M-like protein simA. Interestingly, S. parauberis 
contains both spmA and a putative Ifb (Locke et al. 2008) while S. iniae and S. uberis 
each only contain one or the other. Having both genes may aid S. parauberis in 
infecting two very different host types.
These new data regarding M-like genes and their relatives could also have 
implications for our understanding of the evolutionary relationship between S.
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parauberis, S. iniae and S. uberis. At the nucleotide level, S. uberis Ifb and S. iniae simA 
are more closely related to their functional homologues in S. parauberis than they 
are to each other. This is important since they were previously thought to be each 
other's closest phylogenetic relative. For the other genes in this study, a majority of 
them showed S. parauberis to be more closely related to S. iniae than S. uberis, as 
well as more closely related to both of them than they are to each other.
These data may imply that S. parauberis and S. iniae diverged from S. uberis 
together and secondarily split from each other. This model is presented in Figure 
8A in contrast to 8B which would imply that S. iniae and S. parauberis arose from S. 
uberis independently from each other. This could help to explain the broader host 
range S. parauberis shows. However, further investigation is required. In particular, 
a key to understanding the evolutionary relationships of these species would be to 
estimate the amount of horizontal gene transfer and genetic recombination that 
occurs between these and other species.
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FIGURE 8
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Proposed Model of Interspecific Evolutionary Relationships
Two models of the evolutionary relationship between S. parauberis, S. iniae 
and S. uberis are presented above. 8A is the model best supported by the data 
presented in this thesis, whereas 8B is an alternative model that is less well 
supported. We hypothesize that S. parauberis and S. iniae diverged from a common
%
ancestor derived from S. uberis.
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Chapter 3
“Identification and Characterization of a novel S. parauberis plasmid” 
Introduction
Plasmids o f Lactic Acid Bacteria
Plasmids are extrachromosomal, circular double-stranded DNA that encode 
products non-essential for survival of a bacterium. However, plasmids often encode 
important factors for bacterial virulence. The most commonly studied are antibiotic 
resistance genes, but plasmids are also known to encode virulence and host- 
specificity genes.
Many Streptococcus sp. are reported to harbor plasmids, the earliest being 
described in the Enterococci and Lactococci (formerly Streptococci). Many of these 
plasmids are conjugative, but do not tend to yield antibiotic resistant phenotypes.
In a study of a wide variety of antibiotic resistant strains of Streptococcus bovis, 
Streptococcus pneumoniae and Streptococcus viridans only 12% of antibiotic 
resistant strains actually contain plasmids(Horaud et al., 1991). Most plasmids of 
the Streptococci appear to be around 30 kb in size(Clewell and Francia, 2004).
The Lactococci frequently contain multiple plasmids. They tend to harbor 4- 
7 plasmids and can range in size from 40 to over 100 kb in size(Hill and Ross, 1998). 
While these plasmids seem rather large compared to the engineered ones used in 
molecular biology laboratories, they are frequently found occurring naturally in 
bacteria. Important in the dairy industry for cheese and yogurt production, the 
plasmids of the Lactococci are well studied because they encode for important traits 
such as lactose utilization and exopolysaccharide production(Hill and Ross, 1998).
38
While no hypothesis could be made about the presence of plasmids in S. 
parauberis, the identification of one or more plasmids could potentially reveal 
important information about genetic differences in virulent versus avirulent strains, 
as well as bovine versus piscine strains.
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Methods
PFGE
Plugs were prepared identically and simultaneously as described for PFGE 
typing. Gels were also prepared as described above. Unrestricted plugs of PL9, N il, 
RP25, Tl, FSL-S563 and NCDO 2020 were run for 23 hrs at 6 V/cm with switch time 
of 5-35 seconds. NEB Midrange PFGE marker was used as the standard. The gel 
was stained using SybrGold and imaged (ELlogic 100 imaging system). This was 
performed in triplicate.
Plasmid Enrichment
Mini-prepped plasmid was prepared by a method amended from the 
protocol developed by O'Sulllivan and Klaenhammer for Lactococci sp. (1999). 
Cultures were streaked for isolation on 5% sheep's blood agar plates. A single 
colony was cultured overnight in 5 mL Brain-Heart Infusion broth (Sigma Aldrich) 
overnight at 37°C. Cultures were pelleted and resuspended in 200uL of 25% 
sucrose with 30 mg/mL of lysozyme. This was incubated for 15 minutes at 37°C. 
Then 400 uL of alkaline SDS solution (3% SDS and .2 N NaOH) was mixed and 
incubated for 7 minutes at room temperature. Then 300 uL of ice cold 3M sodium 
acetate (pH 4.8)was added, mixed and spun at 13, 000 rpm for 15 minutes at 4°C. 
The supernatant was then transferred to a new 1.5 mL tube, then 650 uL of 
isopropanol was added and pelleted under the same conditions. The pellet was then 
suspended in 320 uL of sterile, distilled H2O, 200 uL of 7.5 M ammonium acetate and 
350 ul of phenol/chloroform. After centrifugation at 13, 000 rpm for five minutes, 
the upper phase was removed and added to 1 mL of ethanol (-20°C). The mixed
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solution was spun and the pelleted DNA washed with 70% ethanol and resuspended 
in TER (TE buffer and RNAse). Although some contaminating chromosomal DNA 
was still present, the concentration of plasmid DNA was approximately 1000 times 
greater than that of genomic DNA.
Bacterial Cloning
The cloning vector pBluescript SK(+) was used to clone vectors. 30 U each of 
HinDIII/BamHI were incubated with lug of either S. parauberis plasmid or vector in 
IX of the NEB buffer H at 37°C and insert restriction digests were checked on a 1% 
agarose gel. The vector digests were treated with shrimp alkaline phosphatase 
(Promega) to prevent re-ligation. Ethanol precipitation was performed on both SAP 
treated vector and restricted inserts in order to remove excess restriction and 
phosphatase enzymes. Ligation reactions were performed with 0.4 ug of insert and 
vector and .5 U of T4 DNA ligase in lx  buffer overnight at 14°C. The 10 pi reaction 
was then combined with 50 pL of Promega chemically competent, E. coli strain 
JM109 and iced for 30 minutes. This was followed by a 45 second heat shock at 
42°C to transform, 2 minutes on ice to recover and 1 hour shaking at 37°C for 
outgrowth in 450 uL of SOC medium. The transformants were plated on LB agar 
plates with lOmg/mL ampicillin Single colonies were grown for 12 hours in LB 
broth with ampicillin and prepared using IBI scientific mini-prep kit per 
manufacturer's instructions.
DNA Sequencing, Analysis and Confirmation
DNA sequencing was performed at the Core Lab at the College of William and 
Mary using M13 forward and reverse primers. For segments that were not
41
sequenced fully inward facing primers were designed and used to sequence 
remaining data. The sequence were combined in Geneious and a homology search 
was performed using blastn or blastx on the NCBI website.
Plasmid Presence/Absence Assay
In order to determine if a cloned gene was actually present on a plasmid, a 
ten-fold water dilution of "plasmid enriched" DNA was diluted from 2000 ng/pl to 
.02 ng/pl. PCR, as described for MLST, was performed on rpoB, a housekeeping gene 
that encodes RNA polymerase subunit B, for each dilution. The results set a 
threshold for which chromosomal genes can no longer be amplified, but 
amplification of plasmid genes still occurs.
Primers used for plasmid genes are included on Table 5. hsdS and repB genes 
were used as PCR markers for absence/presence of the 150 and 170 kb plasmids, 
respectively. PCR was performed as described for MLST. In order to amplify only 
the suspected pSC2 allele of hsdS the primers must be annealed at 60°C.
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Results
PFGE
Unrestricted InCert agarose gels with whole genomic DNA of S. parauberis 
isolates revealed large fragments of DNA separate from the chromosomal band. 
Figure 9A shows that of the six isolates tested, only four contained a potential 
plasmid according to PFGE. Three of the four positive isolates contained plasmids of 
about 150 kb. All three of these isolates were from striped bass in the Chesapeake 
Bay. The fourth positive isolate of S. parauberis (Tl) from a diseased, aquacultured 
flatfish contained a 170 kb plasmid. The strains with no visible plasmid were both 
isolated from cattle. Restriction patterns of the two different sized plasmids varied 
when treated with HinDIIl/BamHl, as seen in Figure 9B.
Bacterial Cloning and Sequence Analysis
The results from cloning of plasmid fragments from Hindlll/BamHI digestion 
are presented in Table 5. Elements presented on the table as plasmid pSCl contents 
were confirmed by the dilution assay described in the methods. Chromosomal 
housekeeping genes were only amplified by standard PCR at the 2 ng/ul level, while 
the plasmid based genes were amplified through .02 ng/ul.
The dilution technique was not successful for confirming elements as present 
on the plasmid pSC2. Homologs of both cadA and hsdS may exist on both the 
plasmid and chromosome of S. parauberis PL9. The allele of hsdS found by cloning 
plasmid enriched DNA shared 100% nucleotide identity with a Lactococcal plasmid 
allele, but the allele from S. parauberis NCDO 2020 only shared 51 % nucleotide 
homology. Similar results were found for cadA.
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Plasmid Presence/Absence Assay
Primers were designed to putative plasmid elements and used to extrapolate 
which strains may also contain either pSCl or pSC2. The repB gene, associated with 
the 170 kb plasmid (pSCl), could be amplified from three of four strains from that 
caused disease in Spanish turbot. It could also be amplified from one of two strains 
isolated from Finnish broiler chicken. The allele of the hsdS gene associated with 
the 150 kb plasmid (pSC2) was amplified only from Chesapeake Bay strains. 
Interestingly, the only S. parauberis strain from Spain that was not positive for the 
repB gene was weakly positive for the hsdS allele (Figure 10). No plasmid was 
detected in any cattle strains.
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Plasmids of S. parauberis
A) PFGE of undigested whole-cell DNA extractions reveals that one of two 
different sized plasmids are present in all fish isolates and no plasmids are found in 
| the two cattle strains tested. Isolates from the Chesapeake (PL9, N il, and RP25) 
harbor a 150 kb plasmid and the Spanish strain T1 harbors a 170 kb plasmid. B) 
Reveals very different banding patterns based on Hindlll/BamHI digestions, 
confirming that the two plasmids are different.
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FIGURE 10
Plasmid Presence/Absence Assay
Results of PCR performed on genomic DNA extractions are presented above. 
The hsdS gene may indicate the presence of plasmid pSC2 and repB the presence of 
plasmid pSCl. Only strains from the Chesapeake Bay (PL9, N il  and RP2) gave 
strong positives for the hsdS allele; however, a weak positive was present for strain 
RA, which is interestingly the only strain from a Spanish aquaculture farm that was 
not positive for the repB gene (indicative of pSCl)
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TABLE 6
Plasmid Gene
Primers
Function Accession Number Species
Max
ID
pSC l
repB
F-ATCGTCTGCACA
CCGTTTCTTCTC
R-
GCGAGCCGAACAA
GTAGAAAGCTA
Plasmid
replication
C P000426.1
Lactoccocus
lactis 94%
ODH N/A Octopine
Metabolism ZP 0 6 1 5 7 5 4 6
Photobacterium  
damsela e 50%
ZP 0 1 2 1 6 8 5 2
Psychromonas
sp. 43%
fmtB
N/A Methicillin
R esistance C P000029.1
Staphylococcus
epidermidis 100%
pSC2 cadA N/A Cadmium
R esistance EU 142041.1
Streptococcus
dysgalactiae 99%
U 15554.3
Lysteria
monocytogenes 99%
A Y 849557.2
Lactococcus
lactis 99%
A J315964.1
Streptococcus
thermophilus 99%
AL592102.1 Listeria innocua 99%
hsdS F-
TCGTTGGTTACGAT
TTGCTGATGT
R-
GTTTACTT G ACT CC 
CAGGTTGTCC
Phage
resistance A F153414.1
Lactococcus
lactis 99%
A J586570.1
Streptococcus
thermophilus 99%
Plasmid Cloning Results
Putative genes identified from a clone library generated by the restriction of 
plasmid enriched DNA with BamHl/Hindlll. Accession number is for the NCBI 
GenBank database. All results are based on nucleotide BLAST (blastn) except for the 
result for ODH, which is based on nucleotide translation BLAST (blastx). Max 
identity was determined for 100% query
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Discussion
This study identified and begins to describe two novel plasmids in S. 
parauberis, a bacterial species for which no plasmids have been previously 
documented. These plasmids were only associated with fish and chicken strains, 
but not with cattle strains.
The two different sizes and restriction patterns imply that they are 
genetically different. To better understand these differences, we cloned and 
sequenced several genes from each plasmid. Cloning of the 170 kb plasmid, pSCl 
isolated from Spanish strain T l, revealed several relevant genes for understanding 
the nature of the plasmid. First, the presence of the repB gene provides information 
about its mode of replication by which plasmids are often characterized. In the 
Streptococci and Lactococci, generally plasmids are characterized as either rolling- 
circle replicating or theta replicating. The repB gene of the pSCl plasmid shows 
high homology to the repB genes of plasmids from Lactococcus lactis subsp. Cremoris 
s k l l  strain which are theta-replicating. RepB protein is believed to have nicking- 
closing activity similar to that of topoisomerase I_(Siezen et al., 2005). This enzyme 
is critical for unwinding DNA in order for replication to occur, and without it 
plasmids could not be partitioned to new cells.
Second, we have identified a putative fm tB  homolog to that found in multiple 
species of the Staphylococci. FmtB protein is a membrane bound protein whose 
gene is found on the chromosome of Staphylococcus aureus. Mutational disruption 
of the gene has been associated with regaining susceptibility to oxacillin 
(methicillin) in MRSA strains (Komatsuzawa et al., 2000). No homologues of this
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gene were found on the sequenced NCDO 2020 or KCTC 11537 S. parauberis 
genomes. Further investigation of both this genes presence and activity are required 
in strains of S. parauberis.
Lastly, although a nucleotide blast revealed no homologues, a protein blast of 
a translated DNA sequence revealed a putative octopine dehydrogenase encoded by 
pSCl. Octopine dehydrogenase/synthase (ODH) is an enzyme involved in the 
metabolism of arginine and proline. No data are available for the role of ODH in 
bacterial pathogenesis offish. However, it is worth noting that the gene is found in 
Psychromonas sp. and Photobacterium damselae. Both of these bacteria are marine 
species and the latter is a fish pathogen. ODH is best described in its role as an 
enzyme that aids in Agrobacterium tumerfaciens metabolism. In this species, the 
gene is encoded on the Ti plasmid which is transferred to the host plant which 
produces its product in the tumors (Montoya et al., 1977). ODH has also been noted 
for its important buffering capabilities of anaerobic respiration products in marine 
invertebrates (Siebel et al., 2000). ODH could theoretically have a similar role in 
bacteria from the marine environment.
On the 150 kb plasmid, pSC2 of isolate PL9 from striped bass of the 
Chesapeake Bay, we have identified two putative genes important for bacterial 
survival. First, a cadA homologue was identified after cloning. In Staphylococcus 
aureus CadA is cadmium efflux ATPase which transports cadmium ions out of the 
cytosol of the bacterium. Cd2+ ions are transported across the cell-membrane by 
divalent cation transport systems. Cadmium in the cell can disrupt many important 
metal-binding proteins essential for cell survival(Nucifera et al., 1989). However,
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the existence of this gene on the plasmid remains questionable for two reasons. 
First, the sequenced genome of NCDO 2020 already contains 3 putative cadA genes. 
However, alignments of GenBank sequences with the plasmid sequence revealed at 
most 60% homology. The plasmid-encoded cadA showed highest identity to genes 
encoded by plasmids in Lactococcus lactis (O'Driscoll et al., 2006)and Listeria sp. 
(Francis and Thomas, 1997) as well as, integrated, conjugative, genetic elements in 
the genomes of Streptococcus dysgalactiae (Davies et al., 2009) and Streptococcus 
thermophilus (Schirawski et al., 2002). Secondly, the restricted insert with the cadA 
gene also included the hsdS gene (discussed below) that is often found on plasmids 
in Lactococcus lactis (O'Sullivan et al., 2007, Molecular Microbiology, 36, 366-277). 
Together these data lead us to speculate that pSC2 may encode an additional cadA 
gene that could be important for bacterial processing of heavy metal contamination 
in the Chesapeake Bay.
The hsdS gene encodes the specificity subunit of type I restriction- 
modification (R/M) systems important in bacteriophage resistance for many 
bacterial species (Arber and Dussoix, 1962). This subunit is part of a 
multifunctional protein made up of three subunits including hsdR, hsdM and hsdS. 
The hsdS protein is required for site specific methylation and restriction, although 
the mechanism is poorly understood (Gough and Murray, 1989). Subunits hsdM 
and hsdR are required for methylation and restriction activity respectively. The 
hsdS gene cloned from pSC2 had highest identity with hsdS pNZ400 of Lactococcus 
lactis. In the Lactococci, hsdS gene is often associated with the genetic motif of repB- 
orpC-hsdS on theta-replicating plasmids and has been seen on plasmids in the
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absence of hsdM or hsdR . Recently, studies of the L. lactis plasmids have shown that 
while hsdM and hsdR can be divided into chromosomal and plasmid encoded 
families, hsdS sequences indicate a single family of enzymes and plasmid encoded 
hsdS can be utilized in conjunction with chromosomal hsdM and hsdR (Siezen et al., 
2005). Along with the previously mention hsdS, the chromosome of S. parauberis 
NCDO 2020 also contains a hsdM gene, but a hsdR gene has not been annotated 
implying that S. parauberis may only have methylation activity.
While only speculative, the functions of these plasmids may be important for 
the persistence of these strains in aquatic environments. ODH and cadA are both 
directly linked to bacterial survival in aquatic environments and may give a 
competitive advantage to those strains that do not harbor these plasmids. Although 
the data shows plasmids are not required to infect fish, since none were present in 
the published Korean strain, most fish strains tested do seem to harbor them. If 
strains with these plasmids were more likely to be successful in fish maybe that is 
why we see lower diversity and closer phylogenetic relationships. Acquisition of the 
plasmid facilitates entrance into a new niche, but represents a genetic bottleneck, 
through which new strains enter that niche. Thus, acquisition of these plasmids 
may help to explain the results of MLST and RAPD analysis. This information could 
be critical in understanding the evolution and spread of this fish pathogen as well as 
targets for vaccines against strains most likely to survive in an aquaculture setting.
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Conclusion
This study has indicated that Streptococcus parauberis, an important 
pathogen of fish and cattle, may have an evolutionary history that aligns itself with a 
strain's host type rather than its geographic origin. Phylogenetic and molecular 
epidemiological data show that isolates from cattle have a considerably higher 
genetic diversity than those isolated from fish. This could imply that in cattle S. 
parauberis is an opportunistic environmental pathogen, like S. uberis. By contrast, in 
fish it may be evolving into a more niche specific symbiont. This divergence of 
strains by host type may be facilitated by the acquisition of plasmids, which were 
only found in fish strains. These plasmids were also the first to ever be identified in 
S. parauberis. The MLST scheme developed here, the first for S. parauberis, will be 
helpful in analyzing the epidemiology of this species and it will be important to 
continue to expand the database of MLST sequence types available to the public. 
Together these tools should contribute to the control of S. parauberis, particularly if 
this species continues to emerge as an important pathogen.
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Glossary
Allele- A specific copy of a gene. For MLST, an allele is defined as differing from 
another when at least one base is different in the sequence.
Allelic Profile- A series of six or seven numbers representative of the allele for each 
locus studied in MLST. Determines the sequence type.
Bovine Mastitis- An infection of the mammary gland, particularly devastating in the 
dairy industry, that leads to decreased milk production or increased cell count in 
milk.
Clonal Complex- All ST's stemming from one founder group, including the founder 
group.
Double Locus Variant (DLV)- An ST that differs from another ST at two loci within 
an allelic profile.
eBurst- An analysis tool used to describe the allelic relationships between sequence 
| types for MLST.
Founder Group- The sequence type with the most SLVs within a group. Colored 
blue in an eBurst diagram. Secondary founders are colored yellow.
Four Gamete Test- Assumes double mutation is impossible
Group (MLST)- STs that are identical to another ST at least 5/7 or 4 /6  loci in MLST 
analysis.
Housekeeping Gene- Genes that encode critical and essential protein products for 
day to day survival of a cell. Highly conserved because mutations are more likely to 
fatal to a cell.
Multilocus Sequence Typing (MLST)- A molecular technique for which DNA 
sequence data is collected from seven housekeeping genes for a particular bacterial 
species
Neighbor Joining Tree- Tree building model that assumes no molecular clock. 
Plasmid- Extra-chromosomal circular DNA that encodes non-essential genes (e.g. 
anti-biotic resistance genes, virulence factors etc.
pSCl- Plasmid isolated from pathogenic fish strain Tl. Encodes ODH and repB 
genes.
pSC2-Plasmid isolated from commensal fish strain pl9. Encodes cadA and hsdS 
genes.
Pulse Field Gel Electrophoresis- Follows same principles of tradition gel 
electrophoresis, except it is able to resolve larger fragments of DNA because the 
apparatus sends the current in three different directions so that they "zig-zag" 
through the matrix. Digestion of entire genomic DNA of different isolates/strains of 
bacteria can be used to type.
Randomly Amplified Polymorphic DNA PCR- Like traditional PCR, except it only 
uses one 10 bp primer. This means that multiple amplicons are generated and a 
unique "fingerprint" generated for different strains.
Sequence Type (ST)- A number designation representing a unique allelic profile in 
MLST.
Single Locus Variant (SLV)-An ST that differs from another ST at one locus within 
an allelic profile. Connected by a line in an eBurst diagram.
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Streptococcosis- Economically important disease of aquacultured and wild fish. It 
presents as cutaneous lesions, exopthalmia and meningoencephalitis. 
Streptococcus iniae- Bacterial pathogen of aquacultured fish that primarily causes 
streptococcosis. It has also been characterized as a zoonotic pathogen causing 
septic disease in immunocompromised persons.
| Streptococcus parauberis- A grampositive. alpha-hemolytic bacterium. It was 
originally identified as an etiological agent of bovine mastitis. It is also a pathogen 
of aquacultured fish, causing streptococcosis.
Streptococcus uberis- A major bacterial pathogen of cattle that causes bovine 
mastitis. Only one reported incidence in fish.
Tamura-Nei Model-A model that establishes values for changes in DNA sequences. 
It differentiates between the two types of transition i.e. [A <-> G) is believed to have 
a different rate then (C<->T). Transversions are assumed to occur at the same rate. 
Virulence Factor- A genetic determinant deemed necessary for establishing 
infection or evading immune defenses.
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